Abstract-
I. INTRODUCTION
In 5G, the three dimensions [1] that are focused upon to increase the cellular network capacity are: ultradense cells, increasing the available spectrum, and increasing the spectral efficiency. Among these, the cost-effective denser cells are more appealing, and their deployment brings up the need for multi-beam antennas. It is reported that tri-beam deployments of antennas on sectors rotated by 10 • significantly reduce the coverage gaps [1] . Moreover, millimeter-wave propagation requires high gain beams to combat the high path loss at these frequencies, and this high gain can either be obtained using an array of antennas or a lens-based beam focusing that enhances the gain [2] . In the latter case, the focused high gain beam is mainly attained through the lens with the use of a significantly lesser number of antennas compared to the case of an antenna array of the same gain without the lens. Due to this, the number of analog-todigital converters (ADCs), amplitude detectors (ADs), and low noise amplifiers (LNAs) would be reduced, adding to the reduction of the power consumption when using algorithms in hybrid precoding.
A constellation-based satellite system or local multipoint distribution system (LMDS) requires the deployment of antennas in a 5G millimeter-wave small cell scenario.
The key requirements on the antenna in such an environment would be wide-angle scanning, wideband or dual-band coverage, multiple beam casting, and high gain. Owing to the simplicity of its design and the ease with which the beam can be steered to different angles using the same lens with minimal reconfiguration, the lens approach to beam focusing is appealing. A lens antenna is generally made of dielectric or transmission line delays. In [2] - [4] , the lens has a focusing action obtained either by reduction/increase of the phase velocity of the radio waves passing through the lens. A substrate integrated waveguide (SIW) based and ultrawideband scanning Rotman lens are presented in [5] and [6] . An approach to distributing the radiating source elements along a focal surface of a planar electromagnetic (EM) lens is discussed in [7] , which is termed as the lens antenna array. Another approach in realizing the delay lens is using a transmission line delay that emulates the various phases as along a lens [8] . A multi-layer leaky wave-based solution based on the SIW technology is proposed in [9] . Legay et al. [10] introduce a parallel plate waveguide (PPW)-based solution to the multi-beam casting problem. Doucet et al. [11] provide an analysis of the design in [10] using a ray tracing technique. A detailed numerical analysis tool is provided in [12] to predict the performance of the beamformer. Manoochehri et al. [13] propose a four-port parallel plate lens antenna using a uniform cylindrical dielectric as the lens. Manoochehri et al. [13] also add that, for high-frequency applications, dielectric losses dominate, and the radiation efficiency starts decreasing. In [14] , a concept to realize a discretized Luneburg lens antenna using a bed of nails is proposed. Liao et al. [15] and Quevedo-Teruel et al. [16] propose fully metallic Luneburg lenses that are less limited to the number of beams.
In this communication, the designed lens operates on three beams along with the directions of −60 • , 0 • , and +60 • aiding transmission and reception simultaneously. The central beam can be used to transmit, and the outer beams can be used to receive primarily. This enables the realization of a full duplex operation that enhances the spectral efficiency, while simultaneously achieving self-interference cancellation (SIC) through antenna separation isolation [17] . The antenna at its transmit and receive mode can be used in a 5G small cell scenario for outdoor to indoor (O2I) signal transition of the narrowband/wideband signal, or in LMDS macro cell situations wherein 120 • sector beams are required.
The approach adopted in this communication relates and differs from the prior works as detailed next. The works in [2] - [9] introduce diverse ways of realizing the energy focusing property. Legay et al. [10] and Doucet et al. [11] , [12] propose a way to design a beamformer in the sub-20 GHz frequency range using a ridge-based lens working on the fundamental TEM mode of the PPW. The approach uses ray optics to arrive at the position of the feeding horns and to decide on the contour of the lens. On the contrary, 0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in this communication, the design of a ridge-based lens using a phase extraction and compensation method, building solely upon some initial simpler full-wave simulations to extract information on the phases of the wavefront, is proposed. In the proposed design, the final optimization is minimized owing to the individual design considerations and codesign of the parts that make up the beamformer. Another key difference is the use of E-plane sectoral horns that aid in the ease of integration to the TE 1 mode of PPW waveguide used. The antenna has also been designed for dual-band operation in the Ka band which gives it scope to act as a transceiver for Tx and Rx at two different frequency bands. Also, the designed uniform height of the ridge lens makes the 3-D fabrication much simpler as compared to [10] since there is no tapering of the ridge toward the edges. The full-wave simulation validated the performance of the antenna has been presented earlier in [18] . The additional work presented in this communication includes the design principle that aids the operation of the antenna, fabrication of the prototype, the design, and fabrication of custom-made transitions and the experimental validation of the S-parameters, radiation pattern, gain, and cross-polar discrimination (XPD).
II. ANTENNA DESIGN PRINCIPLE
In this section, the ridge-based lens approach, introduced to enhance gain and reach multi-beam operation for a horizontally polarized antenna structure based only on metallic parts, is presented. More precisely, the proposed solution starts from the design of a rectangular waveguide E-plane horn-fed PPW with a ridge-based lens and, by suitable rotation of this single port design, a three-beam antenna with independent port excitations pointing in the directions of interest is designed. The choice of three ports rests on three aspects: to design the multi-beam antenna for operation in a 120 • sector cell of 5G LMDS, to simplify the fabrication while keeping the antenna footprint as small as possible and, finally, as a cost-efficient way of validating the proposed multi-beam concept. The main parameters that drive the design process are the parallel plate separation distance, the feeder and PPW waveguide modes being used, the location of the ridge lens along the parallel plate and the height of the ridge lens. As will be shown in Section III, multi-port operation with reasonable compliance of the antenna specifications as well as beam uniformity for the three ports excitation, at the expense of some degree of phase aberrations of coma type for both ports 2 and 3, are obtained.
As can be seen on the sketched geometries of Fig. 1 , the PPW is the arena for the gain enhancing the transformation of wavefronts. Therefore, the design of the PPW is primary and crucial for the antenna. It is well known that the fundamental mode in a PPW is the TEM mode which, for the structures shown, has a vertical electric field component within the PPW resulting in a vertical polarized radiated field. However, the presented antenna has been designed to work on the first TE mode (TE 1 ), which exhibits decreased conductor losses when compared to the fundamental mode. This mode presents a horizontal electric field that cancels at the electric walls within the PPW resulting in horizontal polarization radiating field and fits the field distribution along the short dimension of an E-plane horn. The PPW height, denoted by a, is a critical factor in ensuring the propagation of the guided wave. In order to allow for a low dispersion operation regime, the parameter a is fixed to 7.5 mm. This sets the dual-band of interest (28 and 31 GHz) far enough from the mode cutoff frequency (20 GHz) and well below higher order modes cutoff (40 GHz), according to the formula [19] 
An E-plane sectoral horn 7.5 mm wide is used to excite the TE 1 mode on the PPW. The dimensions of the E-plane sectoral horn have been fixed to obtain a gain of around 12 dBi in the band 26-32 GHz for the structure of Fig. 1 in the case no lens, no flare (E-plane horn alone provides a gain of 10.5 dBi). The resulting dimensions are a horn aperture of 15 mm × 7.5 mm, an access rectangular waveguide throat of 5 mm × 7.5 mm, and a flaring between the aperture and throat provided over a length of 14 mm. The selection of these dimensions that are dependent on the PPW dimension ensures the codesign of the horn and the PPW interface; and the input matching of the sectoral horn at 28 and 31 GHz.
Before the placement of the ridge-based lens, the source at the apex of the horn radiates cylindrical wavefronts of constant phase outwards which are guided by the PPW. The simulated realized gain for this case, identified as "no lens no flare" in Fig. 1 , is shown by the dotted blue line in Fig. 2 . The realized gain of this structure can be improved by around 3.5 dB with the help of the flaring of the PPW walls as can be deduced from the red dashed line in Fig. 2 for the "no lens with flare" case of Fig. 1 . Furthermore, the distance at which the lens must be placed from the E-plane horn aperture is set to r = 50 mm, a value slightly higher than the far-field criteria for the E-plane horn of these dimensions which is 47.8 mm. The width of the lens is obtained from −11 dB illumination level of the E-plane horn, which corresponds to a beamwidth θ = 60 • . Taking into account that r has been fixed to 50 mm and with the help of basic trigonometric rules, a value for the ridge length of 57 mm is obtained for optimal illumination.
Once the ridge distance to the feeding horn aperture, r , and the ridge length, l, have been deduced, retaining the PPW dimensions, the next dimension of interest is the ridge height. The wave, starting from the apex of the E-plane horn, must travel different distances to arrive at the ridge and, hence, compensate for the different phase delays an approximate variable height of the ridge according to the following equation would be required
where r has already been defined, and x represents the distance from the center of the ridge to the considered position on it. The factor 2 in the denominator accounts for the fact that the wave must travel up and down the ridge section so that the phase correction spreads over two equal length sides. This would imply a varying ridge height as a function of x. However, with the aim of simplifying the fabrication process and reducing the prototype cost, in the present design, a constant "average" ridge height has been used that retains most of the pattern and gain characteristics. The average ridge height is derived from the following simple reasoning. If the phase at the extremes of the ridge lags the one at the center point by " " corresponding to a path length "p" then using a ridge with a height of (r /2)-(p/4) will reduce the phase difference between center and extremes to approximately ± /2 around two frequencies within the band. This allows meeting three essential requirements: to keep the ridge lens design simple, to offer similar input matching at the three ports and to have a stable radiation pattern over the three ports. The average phase correction from these two extreme values yields an almost planar wave that translates to increased gain patterns. The deviation seen translates into an asymmetric increase of sidelobes at the outer ports but keeps phase aberrations at relatively low levels. According to the previous reasoning and considering the guided wavelength on the PPW and the path difference at the extreme points, the required theoretical height is approximately 22 mm at 28 GHz. This estimation is improved by looking at the phase gradient obtained from the simulation of the one port structure previously considered and tuned for the bands of interest to an extent. Moreover, the four sharp bends introduced by the ridge section seen along the yz plane cut will modify the output phase response, so the tuning of this parameter based on simulations is required.
To assess and quantify the contribution by the ridge lens and the flare toward gain enhancement, full wave simulations of the one-port structures "lens with no flare" and "lens with flare" shown in Fig. 1 were carried out. This allows a better independent assessment of the lens performance than when the final three ports structure, subject to reflections and additional effects related to the overlapping of three lenses, is considered. Fig. 2 depicts the realized gain for these cases in yellow dash-dotted line and solid purple line, respectively. An improvement of gain of up to 6.5 dB around 28 and 31 GHz can be observed for the optimal design as compared with the cases where no lens and no flare are considered. Additionally, Fig. 3(a) and (b) presents the sensitivity analysis of the reflection coefficient and realized a gain over lens height that illustrates the possibility of tuning the design for other frequency couples within the band by appropriately selecting the ridge height.
With the operation along single port realized, the next step is the extension of the principle to three ports: Based on the previous one port design, the three-beam version can be implemented as sketched in Fig. 4 . The central port with the E-plane horn and the ridge lens placed at the calculated distance "r" from it are used as the basis over which the other two ports are located and aligned. More precisely, the one port structure is duplicated at positions rotated by angles of +60 • and −60 • along the xz plane with the fulcrum around an axis parallel to y-axis, running through the midpoint between horn aperture and ridge position. This way, the extreme horns keep a constant distance "r" to their corresponding ridges and point to ±60 • . Excess ridge lengths are taken away from the final structure as in Fig. 4(b) . This methodology is purely geometrical, and implications will be as follows. The three-ridge lens of Fig. 4 can be viewed as a piecewise approximation to a parabola and, hence, feeding the same with axially displaced feeders, as is the case for ports 2 and 3, will imply some degree of coma type phase aberration on output. This will manifest as a deviation of the maximum pointing direction and an asymmetrical distribution of the sidelobes. For the proposed design methodology, this is largely a tradeoff scenario between the number of horns used, frequencies and the angles of pointing chosen.
The three identical feeding horns are further extended from their back walls by means of a propagating waveguide section at the designed frequency. The length of this waveguide section is chosen to have all the three port planes originating at the same plane. This facilitates the ease and uniformity of feeding the ports. The three sectoral horns are placed in the PPW to minimize the spatial footprint while retaining the required beamwidth obtained through each of the ports and to provide rigidity to the final structure.
A perspective view of the three-port antenna designed using this methodology is given in Fig. 5(a) and a transversal section cut of the complete antenna design is presented in Fig. 5(b) that gives the details of the three port antenna parts, their location, and the interaction mechanism.
The phase distribution on the transversal section of the antenna for port 1 excitation at 28 GHz is depicted in Fig. 6(a) after the incorporation of the designed lens. The phase gradient of 22 • /mm translated over 170 • phase difference is 7.7 mm, which must be subtracted from 50 mm to have two frequency bands of enhanced gain within the band of interest. This leads to an approximate ridge height of 22 mm as previously estimated. Fig. 6(b) shows the port 3 status. 
III. MEASUREMENT AND DISCUSSION
The antenna was simulated with the help of both CST Studio Suite and Ansys HFSS full-wave EM solvers. The material of the antenna was chosen as aluminum. It is designed for dual-band operation in the frequency bands 28 and 31 GHz with a bandwidth of 1 GHz each. The antenna due to its operation at the high millimeter wave frequencies requires a finer dense mesh with around 16 million mesh cells for better accuracy of the results. The simulation model of the antenna shown in Fig. 5 was further refined with mechanical considerations, as shown in the model of the complete assembly of Fig. 7(a) and the top exploded view of Fig. 7(b) while retaining the internal dimensions of the waveguide intact, which is critical for the PPW operation. The antenna was prepared for fabrication considering mechanical tolerances according to ISO 2768. The mechanical design process was divided into eight separate designs encompassing five brass pieces for the lens and three designs for parallel plate beamformer.
Fabrication of the parallel plate beamformer was made using computer numerical control (CNC) machining, and the brass lens was made using a standard 1 mm thickness plate of brass machined accordingly into five pieces. The individual parts depicted in Fig. 7(b) , were later assembled with the aid of precise alignment pins to form the whole structure. The three distinct parts that go into the assembly were the base plate with the profile of the feeding horns machined into it, the upper plate with lens cover profile and the lens plate. Provision for a track of 1 mm width for the insertion of the five brass metal plates that act as parts of the whole lens was made in the other pieces.
Since the feeding port of the E-plane sectoral horn has nonstandard dimensions, a waveguide to waveguide transition was designed to operate at 28 and 31 GHz for measurement purposes. This transition interfaces the waveguide face of the standard WR28 coax-towaveguide transition to the waveguide face of the feeding E-plane sectoral horn. The fabricated and assembled prototype is shown in Fig. 8 . The final prototype has a footprint of 170 mm × 150 mm. The final assembly includes all the parts shown above along with the coax to waveguide transitions that connect to each of the three ports.
A. S-Parameter Measurement
The fabricated antenna was measured for its reflection coefficient and ports isolation using a N5245B Keysight vector network analyzer (VNA), calibrated using an electronic calibration kit (E-CAL) for two-port configurations in the frequency range 26-32 GHz. Simulated and measured reflection coefficients at ports 1 and 2 and 3 are compared on Figs. 9 and 10, respectively. There is a good agreement between the simulated and measured results on the band considered except for the port 1 case that shows a slight discrepancy between them, which is attributed to the use of a 90 • elbow connector at port 1 for the measurements. Within the design bands of 27.5-28.5 GHz and 30.5-31.5 GHz, return losses keep below 10 dB with similar responses.
The proposed antenna acts as a transceiver: it can transmit at 28 GHz through the central port and receive at 31 GHz at the other two ports. To make this possible, a port-to-port isolation of 25 dB or better between the transmitter and the receiver at the center frequency of the bands of interest was required. As demonstrated by the S12, S21, S13, and S31 measurements and simulation results shown in Fig. 11, a 25 dB isolation level results at these two operating frequencies of 28 and 31 GHz, although it reaches 20 dB within the low band bandwidth. The transmitter and the receiver of the antenna have the same polarization; therefore, the isolation between the central port and the outer ports while maintaining a reduced size footprint, improves by arranging the ports to face each other in a cross fashion. Isolation levels in the order of 12 dB are obtained for external ports, as demonstrated by the measurement results shown in the blue line in Fig. 11 . This prevents using these ports simultaneously for transmission. This is the price to pay for reducing the antenna footprint and becomes the main limitation of this design, which is limited to reception through external ports and transmission through the central port.
B. Pattern and Gain Measurement
The antenna was measured for its directional characteristics in the anechoic chamber measurement setup, as shown in Fig. 12 . An additional suitable support structure to adhere to the millimeterwave antenna to the anechoic chamber positioner was designed considering minimal intrusion into the way the PPW radiates. The pattern measurements of the millimeter-wave antenna with the chamber support are compared in the following with simulations that account for the presence of the chamber support as well. The multi-beam antenna casts beams along directions of +63 • , 0 • , and −63 • , which are within the tolerance limit of 5 • for use within a sector cell with minimal sector-sector and intercell interference. Though the direction of the beams is chosen to cover the sector of a typical base station cell, they can be reconfigured to other desired angles with limitations related to the coupling between ports [20] and the maximum antenna footprint allowed. It must be remarked at this point that the selected antenna design configuration is probably one of the worst possible cases from the proposed design methodology point of view, due to the high deviation between beams (60 • ) and the allowed small footprint. Relaxing these requirements would produce better results.
The azimuthal (φ = 0 • cut) and elevation (φ = 90 • cut) copolar (CP) pattern cuts at 28 GHz for port 1 are shown in Fig. 13 . The simulated and measured patterns agree closely with low comparable XP level. As can be seen, the elevation beam is a fan-shaped broad beamwidth beam along the yz plane and a narrow beam on xz plane. Fig. 14 depicts the case pointing to +63 • for port 2. Port 3 case is almost symmetrical. It is to be noted that these beams are formed on the same shared aperture. Similar description and analysis apply to the case of 31 GHz the main difference being in the increased side lobe level (SLL) near the −63 • and +63 • angles. Although the horn antennas are pointed at exactly −60 • and +60 • in the initial design, the resulting beam deviates by 3 • owing to the lateral asymmetry along the resultant length of the ridge plates facing ports 2 and 3 correspondingly, after shortcutting the extra ridge widths as in Fig. 4(b) . The simulated versus measured antenna pattern cuts at 31 GHz for ports 1 and 3 are shown in Figs. 15 and  16 , respectively. In all these cases, the XP levels are better than the worst case XP levels shown in Fig. 17 . The antenna at each of the three ports is horizontally polarized and was measured for its gain versus frequency dependence along the three ports by the two-antenna method. The simulated gains obtained along the three beams for the two center frequencies of operation are compared with the corresponding measured gains as shown in Table I . It is seen that there is a good agreement between the simulated and measured gains. These measured parameters are depicted for the three ports in Fig. 18 . A CP gain around 15 dBi was measured for all the three ports with a XPD value better than 20 dB across the bands around 28 and 31 GHz for their respective ports.
IV. CONCLUSION
The design and experimental validation of a multi-beam dualband parallel plate beamformer has been presented. The antenna design is a codesign process of four interdependent individual designs integrated to operate in unison. The antenna has an operational band in the 27.5-28.5 GHz and the 30.5-31.5 GHz band. This dual-band operation makes the antenna a potential candidate for use in the LMDS using millimeter-wave for 5G. The three-port gain within the frequency band has been calculated by full-wave simulations and validated by measurements as being around 15 dBi. The antenna beams are directed at +60 • , 0 • , and −60 • ; however, using the proposed design methodology, other beam directions can be obtained. The current design beam angles can be used in millimeter-wave based 5G LMDS small cell scenarios which require an angular projection of 120 • in each sector of the cell. Another potential use of the antenna is in the rotational surveillance radars when used as a circular array of three 120 • sectors. The general design methodology presented here allows to custom design this antenna for suitable high gain multibeam applications. The prototype of the antenna has been fabricated and experimentally validated for its pattern and gain characteristics in situ with the S-parameters, and there is a good agreement between simulation and measurements. As an extension of the presented work, a design is being developed that also harnesses the fundamental TEM mode to operate in dual polarization, which will be presented in a future communication. The main limitations of the proposed design scheme lie on the coupling between feeders that must be kept below certain limits for simultaneous operation of the different beams or to operate both in transmission and reception, the limited possibilities of obtaining dual-bands responses and to control the radiation patterns.
